Contributed by Douglas T. Fearon, October 31, 2013 (sent for review September 7, 2013) An autochthonous model of pancreatic ductal adenocarcinoma (PDA) permitted the analysis of why immunotherapy is ineffective in this human disease. Despite finding that PDA-bearing mice had cancer cell-specific CD8 + T cells, the mice, like human patients with PDA, did not respond to two immunological checkpoint antagonists that promote the function of T cells: anti-cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and α-programmed cell death 1 ligand 1 (α-PD-L1). Immune control of PDA growth was achieved, however, by depleting carcinoma-associated fibroblasts (CAFs) that express fibroblast activation protein (FAP). The depletion of the FAP + stromal cell also uncovered the antitumor effects of α-CTLA-4 and α-PD-L1, indicating that its immune suppressive activity accounts for the failure of these T-cell checkpoint antagonists. Three findings suggested that chemokine (C-X-C motif) ligand 12 (CXCL12) explained the overriding immunosuppression by the FAP + cell: T cells were absent from regions of the tumor containing cancer cells, cancer cells were coated with the chemokine, CXCL12, and the FAP + CAF was the principal source of CXCL12 in the tumor. Administering AMD3100, a CXCL12 receptor chemokine (C-X-C motif) receptor 4 inhibitor, induced rapid T-cell accumulation among cancer cells and acted synergistically with α-PD-L1 to greatly diminish cancer cells, which were identified by their loss of heterozygosity of Trp53 gene. The residual tumor was composed only of premalignant epithelial cells and inflammatory cells. Thus, a single protein, CXCL12, from a single stromal cell type, the FAP + CAF, may direct tumor immune evasion in a model of human PDA.
KPC mouse | tumor stroma | T cell exclusion | tumor immunogenicity I mmunotherapy of cancer has made recent progress by focusing on overcoming T-cell immunological checkpoints with blocking monoclonal antibodies to cytotoxic T-lymphocyte associated protein-4 (CTLA-4) and the programmed cell death 1/ programmed cell death 1 ligand 1 (PD-1/PD-L1) receptor/ligand pair (1-7). Many patients, however, did not respond to these immunological checkpoint antagonists for reasons that are not understood. In particular, patients with pancreatic ductal adenocarcinoma (PDA), the fourth most common cause of cancer-related deaths in the United States, had no objective responses to anti (α)-CTLA-4 (7) or α-PD-L1 monoclonal antibodies (5) .
A mesenchymal tumoral stromal cell that is present in almost all human adenocarcinomas (8) and is identified by its expression of the membrane protein, fibroblast activation protein (FAP), was shown recently to mediate immunosuppression in a transplanted murine tumor model (9) . Because FAP + stromal cells are present in human PDA (8), we wished to investigate whether the immunosuppressive activity of the murine FAP + stromal cell might be involved in the resistance of this cancer to immunotherapy. We were able to carry out this analysis because of the availability of the autochthonous LSL-Kras G12D/+ ;LSL-Trp53 R172H/+ ; Pdx-1-Cre (KPC) model of PDA (10) . We find that this PDA model replicates the resistance of human PDA to checkpoint antagonists, despite the presence of systemic anti-PDA immunity. The failure of immune surveillance is attributable to local immunosuppression mediated by the FAP + stromal cell, which comprises essentially all carcinoma-associated fibroblasts (CAFs). Immunosuppression manifests as exclusion of T cells from regions of the tumor containing cancer cells and involves the production of chemokine (C-X-C motif) ligand 12 (CXCL12) by FAP + CAFs. Inhibiting chemokine (C-X-C motif) receptor 4 (CXCR4), a CXCL12 receptor, promotes T-cell accumulation and synergizes with the checkpoint antagonist, α-PD-L1, to cause cancer regression.
Results and Discussion
In the KPC model, Cre-mediated expression of Trp53 R172H and Kras G12D is targeted to the pancreas, causing the development of
Significance
Cancer immune evasion is well described. In some cases, this may be overcome by enhancing T-cell responses. We show that despite the presence of antitumor T cells, immunotherapeutic antibodies are ineffective in a murine pancreatic cancer model recapitulating the human disease. Removing the carcinomaassociated fibroblast (CAF) expressing fibroblast activation protein (FAP) from tumors permitted immune control of tumor growth and uncovered the efficacy of these immunotherapeutic antibodies. FAP + CAFs are the only tumoral source of chemokine (C-X-C motif) ligand 12 (CXCL12), and administering AMD3100, an inhibitor of chemokine (C-X-C motif) receptor 4, a CXCL12 receptor, also revealed the antitumor effects of an immunotherapeutic antibody and greatly diminished cancer cells. These findings may have wide clinical relevance because FAP + cells are found in almost all human adenocarcinomas. invasive and metastatic carcinoma that recapitulates many aspects of human PDA, including the loss of heterozygosity (LOH) of Trp53 in cancer cells but not in premalignant pancreatic intraepithelial neoplasia (PanIN) (10) . KPC mice with appropriately sized tumors demonstrate consistent tumor growth, which permits robust analyses of experimental interventions (SI Appendix, Fig. S1 ). We examined whether blocking immunological checkpoints with α-CTLA-4 and α-PD-L1 would promote immune control of the tumor. Administering these antibodies over 6 d to mice bearing PDA did not diminish the ∼80% increase in tumor volume observed in mice receiving control IgG (Fig. 1A) . We determined whether this could be explained by the absence of an immune response to the PDA. Splenic CD8 + T cells from PDAbearing and non-tumor-bearing mice were stimulated with tumor cells, and IFN-γ-secreting CD8 + T cells reporting antigenic stimulation were detected in an enzyme-linked immunosorbent spot (ELISpot) assay. Tumor cells induced significantly more ELISpots among CD8 + T cells from tumor-bearing mice than from non-tumor-bearing mice (Fig. 1B) . The frequency of IFN-γ-secreting CD8
+ T cells was the same when the stimulating tumor cells were from the T-cell donor or from another PDA-bearing mouse (Fig. 1C ). An established PDA cell line also was stimulatory, whereas dissociated cells from pancreata of LSL-Kras (Fig. 2C) , confirming their mesenchymal origin, and their frequency among dispersed tumor cells was 3.7% [95% confidence interval (CI): 1.1-6.3%; n = 8]. The expression of FAP by 92% of the αSMA + fibroblasts (95% CI: 87.5-97.1%; n = 5) suggested that they are CAFs. This suggestion was supported by the transcriptomes of CD34
+ FAP + (PanIN-associated) and CD34 − FAP + (PDAassociated) cells (Fig. 2D) , which exhibited the "inflammatory gene signature" of CAFs (11) . FAP + cells from three normal tissues also displayed the signature and were clustered together by a principal component analysis of their transcriptomes (SI Appendix, Fig. S3C ), indicating that FAP may identify a stromal cell lineage. The increased expression by tumoral FAP + cells of genes encoding extracellular matrix proteins verifies their role in the desmoplasia of PDA, whereas their lower expression of decorin may relate to similar observations in human cancer (Fig. 2D) .
We introduced into the KPC line the bacterial artificial chromosome (BAC) transgene containing a modified Fap gene that drives the expression of the human diphtheria toxin receptor (DTR) selectively in cells that are FAP + (9). Administering diphtheria toxin (DTx) to PDA-bearing BAC transgenic mice depleted ∼55% the tumoral FAP + cell content (Fig. 3A) . DTx appeared to deplete FAP + cells throughout the tumor. Depleting FAP + cells slowed PDA growth (Fig. 3B) , but not when CD4
+ and CD8 + T cells were removed (Fig. 3C) . Combining depletion of FAP + cells with administration of α-CTLA-4 or α-PD-L1 further diminished tumor growth (Fig. 3 D and E) , indicating that the FAP + cell contributes to the resistance of murine PDA to these checkpoint antagonists. The absence of an increase in IFN-γ-secreting CD8 + T cells from the spleens of DTx-and α-PD-L1-treated mice indicates that immune control was not accomplished by enhanced priming of cancer-specific CD8 + T cells (SI Appendix, Fig. S2 ). Therapy involving the depletion of FAP + cells is precluded by their essential roles in normal tissues (12) , and a therapeutic target that accounts for their immunosuppression had to be identified. We noted a paucity of CD3 + T cells in the vicinity of cancer cells (Fig. 4A) , a characteristic of human PDA that is associated with FAP + cells (SI Appendix, Fig. S4 ) and other carcinomas (13, 14) . This T-cell trafficking problem directed attention to the chemokine, CXCL12, which localizes to cancer cells in both human (15) (SI Appendix, Fig. S4 ) and murine (Fig. 4B) PDA. We identified the source of CXCL12 as the tumoral FAP + cell (Fig. 4C) , as has been previously reported for CAFs (16) . FAP + cells in the s.c. Lewis lung carcinoma (LL2) model also are the tumoral source of CXCL12 (SI Appendix, Fig. S5A ). CXCR4 is unlikely to mediate the uptake of the chemokine because cancer cell expression of CXCR4 is low (SI Appendix, Fig. S6 ). We hypothesize that high mobility group box 1 (HMGB1), which is overexpressed and secreted by metabolically stressed cancer cells (17) , captures CXCL12 by forming a high-affinity heterocomplex (18) , thus explaining the paradoxical localization of CXCL12 on cancer cells despite their not producing CXCL12 (Fig. 4C) .
To assess the role of CXCL12 in tumoral immunosuppression, we administered AMD3100, a specific CXCR4 inhibitor that is licensed for clinical use (19) , to mice bearing PDA in the presence or absence of depleting antibodies to CD4 + and CD8 + T cells. Tumor growth was slowed by AMD3100 in a T cell-dependent manner (Fig. 5A ). AMD3100 also induced T cell-dependent control of s.c. immunogenic LL2 tumors (SI Appendix, Fig. S5 
and C).
We administered a higher dose of AMD3100 that almost completely arrested PDA growth and combined it with immunological checkpoint antagonists ( Fig. 5 B and C) . 
IL-1β
Tgf 1 β tumor volume (20) . To evaluate more definitively the response of the PDA to immunotherapy, we examined tumors after 6 d of treatment for the presence of cancer cells. These can be unambiguously identified because their loss of the wild type p53 allele results in the appearance and stabilization of the protein product of the mutant p53 R172H allele (10) . These p53 + PDA cells were abundant in tumors from mice that had received PBS or α-PD-L1 but were greatly diminished in tumors from mice that had received AMD3100 alone or with α-PD-L1 (Fig. 5D and SI Appendix, Fig. S7 ).
The marked decrease in Ki67
+ cells reflects this diminution in proliferating cancer cells (Fig. 5E and SI Appendix, Fig. S4 ). Serial sections demonstrate that the residual tumors were composed of CK19 + epithelial cells and CD45 + inflammatory cells (Fig. 5F ). The selective elimination of p53 + LOH cells is consistent with the finding that the CD8 + T-cell response is cancer cell-specific (Fig. 1D ). To determine if this immunotherapeutic effect was caused by enhanced T-cell accumulation among cancer cells, we treated mice for 24 h with AMD3100 and α-PD-L1. α-PD-L1 alone had no effect, whereas AMD3100 increased the accumulation of T cells (Fig. 6 and SI Appendix, Fig. S9A ). The combination of α-PD-L1 with AMD3100 amplified this effect and led to an apparent decrease in the frequency of p53 + LOH cancer cells (Fig. 6 and SI Appendix, Fig. S9A ). Local T-cell proliferation could not account for the increase in tumoral T cells, because there were few Ki67 + CD3 + cells in AMD3100-and α-PD-L1-treated tumors (mean of 1.58%; range: 0.75-2.99%; n = 3) (SI Appendix, Fig. S9B ). Furthermore, because Foxp3 + cells also were increased in tumors of mice given AMD3100 and α-PD-L1 (SI Appendix, Fig. S9C ), we conclude that regulatory T (Treg) cells are not critically involved once immunosuppression by CXCR4/CXCL12 and PD-1/PD-L1 is overcome.
These studies reveal a hierarchy of immunosuppression in murine PDA, with that mediated by the FAP + CAF being dominant over two T-cell checkpoints. Depleting the FAP + stromal cell or inhibiting the interaction of its chemokine, CXCL12, with CXCR4 uncovers the antitumor activity of α-CTLA-4 and α-PD-L1. We do not know whether CXCR4-mediated exclusion of T cells reflects T-cell apoptosis, as occurs with HIV gp120 (21), or a chemorepulsive effect of CXCL12 (22) . A direct effect of AMD3100 on cancer cells, however, is excluded by their not expressing CXCR4 (SI Appendix, Fig. S6 ). The absence of a synergistic interaction between AMD3100 and α-CTLA-4 may indicate that inhibiting CXCR4 so strongly promotes the accumulation of T cells among cancer cells such that any augmented priming by α-CTLA-4 is superfluous. We excluded the possibility that other mechanisms may have accounted for the absence of an effect of α-CTLA-4 in combination with AMD3100. The α-CTLA-4 clone, 9H10, that was used in this experiment depletes Treg cells (23) and was effective when combined with a suboptimal reduction of FAP + CAFs in PDA-bearing mice (Fig. 3A) . Furthermore, macrophages that are capable of engaging in Fc receptor-mediated Treg cell clearance (23) were abundant in tumors treated with AMD3100 (SI Appendix, Fig. S10) . Finally, the finding that Treg cells even accumulated in tumors along with other CD3
+ cells during treatment with AMD3100 and α-PD-L1 (SI Appendix, Fig.  S9C ) suggests that the inhibitory function of Treg cells only plays a minor role once the immune suppressive effect of CXCL12 is neutralized. Hence, it is plausible that immune control of PDA may be achieved without incurring the severe adverse effects of α-CTLA-4 that have been observed in human patients with melanoma, especially when coadministered with another T-cell checkpoint antagonist (6) .
Because T cells are also excluded from other carcinomas (14, 15) 
in which FAP
+ stromal cells are abundant (8) and CXCL12 is associated with cancer cells (24) , our findings may be widely relevant to tumor immunotherapy. Finally, this study strongly supports the use of autochthonous, genetically engineered models of cancer to study the mechanisms of escape from immune surveillance. These models have permitted the demonstration that cancers may maintain the expression of antigens despite the occurrence of systemic immune responses (25) and that metastatic lesions may be immunologically controlled despite outgrowth of primary tumors (26) , observations that focus attention on the need to understand fully the rules of tumoral immunosuppression.
Materials and Methods
Mice. All experiments were performed in accordance with institutional guidelines and were approved by the UK Home Office and the animal ethics committee of Cancer Research UK Cambridge Institute and the University of Cambridge. The generation of KPC and FAP-DTR BAC transgenic mice has been described previously (9, 10) . These strains were crossed to generate KPCD (LSL-KrasG12D/+;LSL-Tp53R172H/+;Pdx-1-Cre;FAP-DTR) mice. Tumors that were 6-9 mm in diameter were selected, and volumes were monitored by highresolution ultrasound as detailed in SI Appendix. KPC (±DTR transgene) mice were treated every 48 h with 25 ng/g of DTx (List Biologicals) in PBS, 160 μg of α-PD-L1 (10F.9G2; Biolegend), 100 μg of α-CTLA-4 (9H10; Biolegend), or isotype control antibody by i.p. injection. AMD3100 (Sigma-Aldrich) was administered by means of an AZLET osmotic pump (Charles River) at 30 mg/mL or 90 mg/mL (high dose). For T-cell depletion, mice received 300 μg each of α-CD4 (GK1.5; Biolegend) and α-CD8α (53-6.7; Biolegend) or isotype control antibodies for 3 consecutive days before treatment and on days 2 and 5 of treatment via i.p. injection. For s.c. tumors, 2 × 10 5 LL2/ovalbumin (OVA) cells were injected into the flanks of C57BL/6 and mouse strain Rag2 −/− mice. Tumor volumes were calculated from caliper measurements using a standard formula listed in SI Appendix. AMD3100 (30 mg/mL) treatment via the AZLET osmotic pump commenced when tumors reached at least 62 mm 3 .
Cell Lines. The generation of the LL2 cell line expressing chicken OVA (LL2/OVA) has been previously reported (9) . Pancreatic cancer cell lines were derived from tumors arising in KPC mice (TB32964, K8484).
ELISpot Assays. Single-cell suspensions of CD8 + splenocytes and of whole tumors depleted of CD3e + T cells were purified by magnetic-activated cell separation as Immunofluorescence. Frozen tissue sections were prepared and imaged by confocal microscopy as described in SI Appendix. Slides of p53 + cells and Treg cells were analyzed on the ARIOL XT (Leica Biosystems) system. PDA-bearing mice, some of which had been pretreated with depleting CD4 and CD8 antibodies or control IgG, received PBS or AMD3100 by continuous infusion, and tumor volumes were measured by ultrasound (PBS, n = 5; AMD3100 + isotype IgG, n = 6; AMD3100 + α-CD4/8, n = 4). (B) PBS or AMD3100 (high dose) was given to PDA-bearing mice that were treated with α-CTLA-4, α-PD-L1, or control IgG (AMD3100 high + α-CTLA-4, n = 4; AMD3100 high + α-PD-L1, n = 7; AMD3100 high + isotype IgG, n = 6). (C ) Waterfall plots present the final changes in tumor volumes in individual mice from A and B. Dashed lines indicate the mean tumor volume for each treatment group. (D) Tissue sections from PDA tumors taken from mice treated with PBS or AMD3100 high + α-PD-L1 for 6 d were stained for p53, and the entire cross-sections were imaged. White squares show the regions corresponding to the magnified images. Tissue sections from PDA tumors of mice treated with AMD3100 high + α-PD-L1 or PBS for 6 d were stained for Ki67 (E ) or CD45 and CK19 (F ) and analyzed by IF microscopy. *P < 0.05; **P < 0.01. that had been treated for 24 h with PBS, α-PD-L1, AMD3100 high, or AMD3100 high + α-PD-L1 were stained for CD3 and p53 and analyzed by IF microscopy.
